In this study, a bone-like apatite layer was formed on a Ni-free Ti-based metallic glass. A two-step treatment method, i.e., hydrothermalelectrochemical treatment followed by pre-calcification treatment, was developed to prepare a bioactive surface on the Ti-based metallic glass. The results reveal that the combination of electrochemical-hydrothermal and pre-calcification treatments can accelerate nucleation and improve growth rate of apatite on Ti-based metallic glass in simulated body fluid (Hanks' solution). The reasons why the two-step treatment accelerates the nucleation and growth of apatite were also discussed.
Introduction
Ti-based bulk metallic glasses (BMGs) are expected as one of the most important metallic materials in orthopaedics and dental surgery due to their relatively low Young modulus, high fracture strength, excellent strength to weight ration, good biocompatibility and high corrosion resistance. 1) Recently, the developments of Ni-free Ti-Zr-Cu-Pd and TiZr-Cu-Pd-Sn BMGs with high glass-forming ability, high strength and good corrosion resistance and their composites make it possible to create novel Ti-based BMG implants with superior mechanical properties and excellent bioactivity. [2] [3] [4] [5] On the other hand, the bioactivity on Ti-based BMGs in previous works, 6) is not good enough to be applied as implant materials. Hydroxyapatite can't be formed on the surface of Ti-based BMGs after simple immersion in 5 M NaOH solution followed by immersion in SBF. 6) Some apatite particles were deposited only physically and covered on the surface of Ti-based BMGs with hydrothermal hot-pressing treatment. 7) The formation and growth rate of bone-like apatite on metallic implants in SBF before implant are usually regarded as a criterion in evaluating bioactivity of metallic implants. Therefore, the most important factor before the Ti-based BMGs are implanted is to succeed in growing bone-like apatite or similar calcium phosphate layer on Ti-based BMGs.
Hydroxyapatite coatings have been developed as a chemical bonding between metallic implants and the host bone tissue after implantation because hydroxyapatite is mineral and chemically similar to bone. Many surface modification technologies have been developed, such as plasma sputtering, laser sputtering and chemical treatment. [8] [9] [10] [11] [12] Among the techniques of fabricating hydroxyapatite coatings, the chemical treatment is the most convenient method to improve bioactivity of Ti alloys. 10) A simple chemical and thermal two-step treatment method has been widely used because the bone-like apatite can be formed on conventional alloys in biomimetic solution. 10, 13) However this method seems to be ineffective on Ti-based BMGs. In this study, a new two-step method consisting of hydrothermal-electrochemical treatment followed by pre-calcification treatment is developed. The nucleation and growth of bone-like apatite on the Ti 40 Zr 10 Cu 36 Pd 14 metallic glass are investigated.
Experimental Procedure
The mother alloy with nominal atomic composition of Ti 40 Zr 10 Cu 36 Pd 14 was prepared by arc melting the mixture of pure metals (>99:9 mass%) in an argon atmosphere. Ti 40 Zr 10 Cu 36 Pd 14 metallic glass ribbons with 10 mm in width and 70 mm in thickness prepared by a melt spinning method were used in this study for the sake of easy operation. The ribbon samples were treated by hydrothermal-electrochemical method in 1 M NaOH solution at 90 C for 2 h under a current density of 10 mA/cm 2 . The detailed information on the hydrothermal-electrochemical equipment is illustrated by Yoshimura et al. 14, 15) To remove the residual alkali, the samples were fully cleaned by distilled water and then dried. Then the hydrothermal treated samples were pre-calcified by putting into saturated Na 2 HPO 4 at 37 C and saturated Ca(OH) 2 at room temperature in turn for 4 h. Finally, the two-step pre-treated samples were immersed in Hanks' solution at 37 C for different times in order to observe the consequential processes of nucleation and growth of apatite. Morphology of surface-treated samples was investigated by scanning electron microscopy (SEM) equipped with X-ray energy dispersive spectroscopy (EDS). The crosssection samples were prepared by ion milling method. The structures of two-step treated samples after immersion in Hanks' solution were examined by micro-area X-ray diffraction with Co K radiation (XRD, Bruker, D 8 Discover GADDS). The information of surface elements was also obtained by auger electron spectroscopy (AES). Elemental depth profile analysis was conducted at an etching rate of 5 nm/min corresponding to the rate in silicon dioxide.
Results

Hydrothermal-electrochemical treatment
Figures 1(a) and (b) show the surface and cross section morphologies of Ti 40 Zr 10 Cu 36 Pd 14 metallic glass after hydrothermal-electrochemical treatment. A micro-porous and network structure is formed on the surface of Ti 40 Zr 10 Cu 36 Pd 14 metallic glass, as shown in Fig. 1(a) . A grown composite layer named as graded intermediated layer (GIL) 15) with a thickness of several hundred nanometers is observed in the cross section of the treated Ti 40 Zr 10 Cu 36 Pd 14 metallic glass as shown in Fig. 1(b) . The outer layer is the porous and network layer formed by the reaction of the alloy components with the alkali solution under the above mentioned experimental condition. The inner layer is the intermediated layer lying between the metallic glass substrate and the outer porous layer, which is formed by elemental diffusion to the outer layer. In addition, Cu and Pd elements are detected by EDS on the surface of the counter electrode Pt. These elements are dissolved from the metallic glass anodic electrode and deposit on the counter electrode Pt. Figure 2 shows that some white claviform nuclei distribute on the surface of the hydrothermal-electrochemical treated Ti 40 Zr 10 Cu 36 Pd 14 metallic glass subjected to pre-calcification treatment. The sizes of nuclei are about 1 mm in length and enriched with Ca and P elements analyzed by EDS ( Fig. 2(c) ). Under high magnification, some smaller white granules can also be observed as shown in Fig. 2(b) . Both HPO 4 À and Ca 2þ ions could be adsorbed into the microporous titania surface, which is expected to stimulate the nucleation and growth of calcium phosphate during immersion in Hanks' solution. Figure 3 shows the two-step pretreated samples immersed in Hanks' solution at 37 C for different days. After soaking in Hanks' solution for one day, a thin and homogeneous layer appears in the network surface ( Fig. 3(a) ), which is composed of Ca, O and P. The Ca/P ratio is identified to be 1.3 by EDS. Then the layer grows and the Ca content increases with an increase of immersion time. With further increasing time to six days, the Ca/P ratio reaches about 1.6, which is similar to the ratio of apatite. From the cross section SEM image of the two-step treated Ti 40 Zr 10 Cu 36 Pd 14 metallic glass after immersion in Hanks' solution for six days shown in Fig. 4 , it is obvious that the porous apatite is strongly bonded with the porous surface of the metallic glass in the absence of a visible interface after the hydrothermal-electrochemical treatment. The thickness of the resulting apatite is about several hundreds nanometers.
Pre-calcification treatment
Hanks' solution immersion
XRD and AES results
The XRD pattern of the surface of the Ti 40 Zr 10 Cu 36 Pd 14 metallic glass after immersion in Hanks' solution for six days is shown in Fig. 5 . The peaks arising from apatite as well as a broad peak at about 46.5 from the metallic glass substrate are identified, indicating that the apatite is formed after the treatment remaining a glassy substrate. The hydrothermalelectrochemical pretreatment temperature of 90 C is much lower than the glass transition temperature (396 C) of Ti 40 Zr 10 Cu 36 Pd 14 BMG.
3) Therefore, after such a treatment, the substrate retains a glassy state as evident from XRD pattern, which is very important for retaining excellent properties of bulk metallic glasses in real application. Figure 6 shows the AES spectra before and after sputtering to a depth of 1 mm as well as elemental depth profile of the hydrothermal-electrochemical treated Ti 40 Zr 10 Cu 36 Pd 14 metallic glass. Strong Ti and O signals are detected on the surface together with small signal of Cu and C before sputtering. The depth profile shows that titanium and oxygen exists mainly in the outer surface of the Ti-based metallic glass after subjected to hydrothermal-electrochemical method in alkali solution. It is believed that an amorphous titania gel layer formed on Ti alloys after treatment in alkaline solution. 16) After sputtering, all of Ti, Cu, Pd and Zr in the alloy can be detected as presented in Fig. 6 . Figure 7 shows the AES spectra before and after sputtering to a depth of 2 mm as well as elemental depth profile of the pretreated Ti-based metallic glass after immersion in Hanks' solution for six days. The surface consists mainly of Ca, P and O before sputtering. It was also demonstrated that the Ca concentration increases with increasing immersion time in Hanks' solution. One more thing it should be noted that the substrates are found to be enriched in Ti and Pd, absent with Cu due to preferential sputtering.
Discussion
The bioactivity of metallic implants can be evaluated by the formation of apatite in body fluid and the growth rate of the apatite layer. Usually the possible mechanism of nucleation and growth of apatite on alkali pretreated alloy immersion in SBF has been proposed as follows. 4, [16] [17] [18] (1) A sodium titanate gel layer is formed on the surface after alkali treatment. (2) Na þ ion releases into the surrounding SBF via an ion exchanging with H 3 O þ to form Ti-OH groups. (3) The Ti-OH groups interact with Ca to form a calcium titanate. (4) The calcium titanate reacts with phosphate ion to form apatite nuclei. (5) Once the nuclei are formed, the apatite nuclei automatically grow up by consuming the Ca and P ion in surrounding fluid. According to the above idea, sodium titanate hydrogel film formed after alkali treatment can initiate apatite nucleation itself.
The previous work 6) revealed that simple alkali soaking at 60 C even for one day, can't induce the formation of apatite on the surface of Ti-based BMGs due to high concentration of Cu, Pd and Zr elements. The effect of the hydrothermalelectrochemical treatment can increase the surface roughness as well as the Ti concentration on the outer layer of metallic glass. In addition to the hydrothermal-electrochemical treatment in 1 M NaOH solution, a much thicker TiO 2 layer (as shown in Fig. 6 ), instead of native thin TiO 2 layer, is formed, which is beneficial to the nucleation of apatite. Thus, the hydrothermal-electrochemical treatment is effective of high surface roughness and negative-charged TiO 2 layer of metallic glass. In this research, after hydrothermal-electro- chemical treatments in NaOH, an amorphous sodium titanate gel layer is formed as shown in formula (1). Sodium ions are released from the surface via NaOH dissolving in water when the samples are completely washed by distilled water as formula (2) .
Therefore, no sodium can be observed by EDS or AES after hydrothermal treatment as examined in Fig. 6 . Our results indicate that the exchanging process between Na þ ion and H 3 O þ which initiates the apatite nucleation don't have to occur in SBF. It is suggested that the micro-porous surface leads to the adsorption of Ca and P ions. The spatially submicron-scaled micro-architecture of the treated samples was one of the most probably factors. 17) It is well known that the surface modification of Ti alloys is necessary in order to improve implant-tissue osseointegration. In particular, TiO 2 layer on the surface of Ti alloys plays an important role in determining biocompatibility and corrosion behavior of Ti implant alloys. 18) Furthermore, the hydrothermal-electrochemical treatment at low temperature is suitable for a metallic glassy alloy which will be crystallized by annealing at high temperature around glass transition temperature.
On the other hand, the pre-calcification procedure accelerated the calcium phosphate precipitation on the surface of electrochemical-hydrothermal treated Ti 40 Zr 10 Cu 36 Pd 14 metallic glass. The pre-calcification treatment is necessary to acquire the nuclei of Ca-P inducing the growth of bonelike apatite. Ca-P coating can also be inducted on titanium surface with treatment of H 3 PO 4 pretreatment, 19) Fig. 7 , the consuming process of Ca ion can be found in following immersion in Hanks' solution. Then a homogeneous calcification phosphate layer formed on the surface, rather than an island nucleate.
As mentioned in a previous work, 3) the Ti 40 Zr 10 Cu 36 Pd 14 BMG can be fabricated in the diameter range up to 6 mm. In this research, Ti 40 Zr 10 Cu 36 Pd 14 ribbon samples were used for convenience. There must be no problem to achieve the same results in the bulk samples with the same alloy composition. The present hydrothermal-electrochemical and pre-calcification treatments seem to be more suitable for the application of the Ti-based BMGs, owning to a relative low concentration of Ti. This study demonstrates that the combination of hydrothermal-electrochemical treatment and pre-calcification treatment can accelerate the nucleation and growth of calcium phosphate on the surface of Ti-based metallic glass. For conventional TiAlV, TiZrNb or other alloys, it may be also a promising method. We may propose the formation mechanism of apatite on Ti-based metallic glass as follows.
Step one of hydrothermal-electrochemical treatment might have three effects on the as-prepared metallic glass surface. The first is an increasing concentration of Ti on the outer surface by forming a GIL layer. The second is the formation of micro-porous network structure in the aggressive boiling alkali solution. The third is the formation of thicker titania layer in the outer surface than that of native titania layer. Ti-OH groups are also presented on the porous TiO 2 surface. 24) Negative-charged and micro-porous surfaces are the main reason for the good bioactivity. 25) Step two of pre-calcification treatment stimulates the adsorption of HPO 4 2À and Ca 2þ , which are necessary for the nucleation of apatite. Once formed, bone-like apatite grows up by consuming calcium and phosphate ions in surrounding simulated body fluid. The apatite is strongly bonded with the similar porous surface after the electrochemical-hydrothermal treated Ti 40 Zr 10 Cu 36 Pd 14 metallic glass without a visible interface.
Conclusions
A bone-like apatite layer was formed on a Ti-based metallic glass after a two-step treatment. The combination application of hydrothermal-electrochemical and pre-calcification treatments on the Ti 40 Zr 10 Cu 36 Pd 14 metallic glass accelerates the nucleation and growth rates of apatite in Hanks' solution. The hydrothermal-electrochemical treatment makes a much larger surface area, increases the thickness of titania and titanium concentration on the surface of the Ti 40 Zr 10 Cu 36 Pd 14 metallic glass. The micro-porous and network surface leads to much more adsorption of HPO 4 À or/and Ca 2þ ions stimulating the nucleation of calcium phosphate layer on the Ti 40 Zr 10 Cu 36 Pd 14 metallic glass. Apatite layer can be formed quickly for only several days through two-step treatment in Hanks' solution. It makes it possible to apply Ti-based BMGs with excellent properties as novel biomedical metallic implants.
